One sentence summary: New insights on conventional and non-conventional yeast's lag phase during alcoholic wine fermentation focusing on genetic and multistress resistance to environmental factors typically present at fermentation start.
INTRODUCTION
Saccharomyces cerevisiae is the yeast species that is most commonly used for winemaking. Among S. cerevisiae, wine yeasts form a particular genetic cluster (Fay and Benavides 2005; Legras et al. 2007; Liti et al. 2009 ). Flor yeasts, used in sherry wine fermentation and typically forming a biofilm on wine surfaces, also form a distinct cluster but one that is very close to that of wine (Legras, Erny and Charpentier 2014; Coi et al. 2017) . In recent decades, man has been trying to improve the performance and desired features of wine yeast by using different approaches such as genetic engineering, adaptive evolution, quantitative trait locus mapping and marker-assisted hybridisation (Dequin 2001; Chambers and Pretorius 2010; Steensels et al. 2014) . In recent years, the use of other Saccharomyces species or of mixed cultures of S. cerevisiae and non-Saccharomyces yeasts has attracted a growing interest in efforts to improve the complexity and enhance the particular and specific characteristics of wines (Romano et al. 2003; Ciani, Beco and Comitini 2006; Comitini et al. 2011) . Although generally less efficient than S. cerevisiae, some non-Saccharomyces strains such as Torulaspora delbrueckii can bring unique and appealing features to the winemaking process such as specific aromas or reduced ethanol production (Varela 2016) , while Saccharomyces species such S. uvarum and S. kudriavzevii or interspecies hybrids have the possibility to enable fermentation at lower temperatures (Gonzalez et al. 2007 ). These results have created a recent demand for the exploitation of 'non-conventional yeasts' that can add appealing values to the final product and/or the fermentation process in winemaking.
However, despite such great achievements during recent decades, the process of winemaking is far from fully optimised. A particular issue that still challenges winemakers is the moment of must inoculation and the start of fermentation. Due to its particular characteristics, grape must is a stressful and inhospitable medium that is far from the optimal growth conditions of yeast. The usually high sugar concentration (180-280 g L −1 equimolar glucose and fructose), low pH, addition of SO 2 (40 to 100 mg L −1 ) as an antimicrobial agent, presence of other microorganisms, limiting amount of nutrients and low temperatures at which the fermentation might occur (especially in the case of white wines) add up to a very stressful inoculation scenario (Bauer and Pretorius 2000; Ribéreau-Gayon et al. 2006; ArroyoLópez et al. 2009; Medina et al. 2012; Matallana and Aranda 2016; Nadai et al. 2016) . Common issues caused by these conditions include delays in fermentation starts, the appearance of undesired and uncontrolled flora and, later, sluggish/stuck fermentation. Ultimately, these setbacks can cause extra expenses, time wasting and final product spoilage. The capacity of yeast to successfully overcome all these stress factors that are present in the grape must play a very important role in the start of wine fermentation, which is directly correlated to the yeast's lag phase. The lag phase is typically a period of adjustment in which a given microbial population adapts to a new medium before it starts growing exponentially (Medawar, Strehaiano and Délia 2003; Swinnen et al. 2004) . Although several papers have addressed the molecular changes that occur at this growth stage (Brejning and Jespersen 2002; Brejning, Jespersen and Arneborg 2003; Rossignol et al. 2006; Gutiérrez et al. 2013 ), very few have addressed the role of stress factors in yeast's lag phase. Recently, Zimmer et al. (2014) , using a quantitative trait locus (QTL) mapping approach, discovered a new translocation (XVI XV ) involving the gene SSU1 (coding for a sulphite exporter) and the promoter region of ADH1; this translocation confers higher sulphite resistance in the first hours of fermentation to the strains that have it and is thought to be a recent event, contrary to the XVI VIII translocation that is widely disseminated among wine yeasts, resulting in higher expression of SSU1 and greater resistance to sulphites (Pérez-Ortín et al. 2002) . The objective of this work is to shed new light on wine fermentation lag-phase modulation and yeast stress resistance during this particular stage. Here, we focused on understanding the role of environmental factors (i.e. stress factors) that are present in wine must at the moment of inoculation and the extent of their impact on the lag phase. Concomitantly, we also investigated the yeast stress response diversity by using 10 different currently commercialised yeast strains (six S. cerevisiae, two S. cerevisiae × S. kudriavzevii hybrids and two non-S. cerevisiae). We analysed the combined effects of the main stress factors at the beginning of a wine fermentation (temperature, osmotic stress, SO 2 presence and low levels of phytosterols and thiamine) in conditions that mimic wine fermentation conditions. The obtained knowledge will contribute to a better understanding of the behaviour of wine yeast strains during the wine fermentation lag phase. Ultimately, this step forward might be used to improve winemaking by reducing the risks of failed fermentation starts, decreasing expenses and increasing the reliability of the fermentation process.
MATERIAL AND METHODS

Strains and precultures
All wine yeast strains were provided by the company Lallemand SAS and are currently commercialised for winemaking. In total, 10 different strains were used including six Saccharomyces cerevisiae (L1, L3, L7, L8, L10 and L11) two S. cerevisiae × S. kudriavzevii hybrids (L4 and L6), one Saccharomyces uvarum (L9) and one Torulaspora delbrueckii (L5). Precultures were carried out in 15-ml falcon tubes containing 5 ml of YPD (1% Bacto yeast extract, 2% bactopeptone and 2% glucose) that were left overnight at 28
• C with moderate agitation (180 rpm).
DNA extraction, PCR and microsatellite characterisation
DNA extraction was based on the protocol reported by Löoke, Kristjuahan and Kristjuhan (2011) . A colony of each strain was picked from a petri dish culture and resuspended in 100 μl of solution (200 mM LiOAc and 1% SDS). This cell suspension was incubated for 5 min at 70
• C, and 300 μl of absolute ethanol (96%-100%) was then added. After vortexing the sample and centrifuging it at 15 000 × g for 3 min, the resulting pellet was washed with 70% ethanol. The ethanol was completely evaporated, and the pellet was dissolved in 100 μl of standard TE (10 mM Tris and 1 mM EDTA, pH 8.0). Finally, the cell debris was spun down for 15 s. The presence or absence of the chromosomal translocations that were previously described to be involved in SO 2 resistance was investigated using PCR. Sigma-Aldrich Taq DNA polymerase enzyme was used, and the manufacturer's procedures were followed. The final concentration of each component in each PCR reaction was the following: 1x PCR buffer, 200 μM dNTP mix, 0.5 μM forward (Fw) and reverse (Rv) • C for 10 min, (ii) 94 For the microsatellite characterisation, 12 loci that were described elsewhere (Legras et al. 2007) were used. Two multiplex reaction using six primers pairs that corresponded to loci C5, C3, C8, C11, C9, SCYOR267c, YKL172w, ScAAT1, C4, SCAAT5, C6 and YPL009c were performed using the QIAGEN multiplex (polymerase chain reaction) PCR kit according to the manufacturer's instructions. PCRs were run in a final volume of 12.5 μL and contained 10-250 ng of yeast DNA. Amplification was carried out using an Eppendorf Mastercycler pro thermal cycler (Eppendorf, Hamburg, Germany) with a three-phase temperature programme: phase 1, 1 cycle: 95
• C for 15 min; phase 2, 34 cycles:
94
• C for 30 s, 57
• C for 2 min and 72
• C for 1 min; and phase 3, 1 cycle: 60
• C for 30 min. PCR products were sized for 12 microsatellite loci on a capillary DNA sequencer (ABI 310) using POP-4 polymer and the size standards HD400ROX. For rare fragments that were The set of conditions was done at 28
• C and at 16
• C. Experiment 17 was repeated five times as measure of reproducibility and here each stress factor has an average level regarding their extremes in the plan.
larger than 400 nucleotides, three DNA fragments of 420, 450 and 485 bp that were amplified from phage M13 were added to the sample. Before the analysis, the PCR amplicons were first diluted 50-fold, and then 1 μL of the dilution was added to 18.75 μL of formamide (Applied Biosystems) and 0.25 μL of HD400ROX size marker; the mixture was then denaturated at 92 • C for 3 min.
Allele distribution into classes was carried out using Geneious 9.1.6 (Biomatters, Auckland, New Zealand).
Experimental design and determining the lag-phase duration
The method chosen to determine the lag-phase duration is based on a local regression (Fig. S1 , Supporting Information). By tracing a tangent line that contains the inflection point (the point where the acceleration equals zero and the velocity is maximal) and by determining where this tangent line reaches an OD value of 0.1, the lag-phase duration could be exactly determined (Swinnen et al. 2004; Gagneur and Neudecker 2012) .
To test different stress factors in the same experiment, we followed a factorial plan (FP) test. With an FP design, not only the interaction between parameters but also the individual linear effects of each parameter can be studied (Montgomery 1991; Droesbeke et al. 1997) .
The plan is based on the additive model y = B0
The parameter being measured (y) is equal to an average value (B0) that is modulated by the addition of the impact (unknown) of each factor, by the addition of the interactions between two factors, by the addition of a central point (PtC) for reproducibility assessment and by an experimental error (E) unknown. A summary of the experimental conditions that were used in this plan is shown in Table 1 . Later, a Student's t-test was applied in order to verify the significance level of the impact of each stress factor (and their possible interactions) on the lag-phase duration.
In the test, we included five stress factors. For each stress factor, two values were considered. One value was moderately stressful, and another (in bold) was highly stressful; these factors and their values were temperature -16 and 28
• C, osmotic stress -200 and 280 g L −1 , SO 2 -0 and 0.8 g L −1 , phytosterols -1 and 5 g L −1 and thiamine -25 and 250 μg L −1 . With five stress factors to consider, we decided to exclude temperature as a factor (due to its high impact) in order to simplify the interpretation of results. With this arrangement, 16 different experiments were defined (Table 1) and run separately at 16
• C and 28
• C. For reproducibility, a particular experiment (Exp17) was repeated five times (for each temperature) with each microplate (represented in the model as the factor PtC). For each strain, it was verified that PtC did not have a significant impact (P-value > 0.05), meaning that there were no significant differences between the curves of Exp17 and therefore the experiments were reproducible. For each stress factor, a P-value < 0.05 was considered to indicate that the influence of the factor was statistically significant. In addition, the normality of residual distributions and the homogeneity of variance were studied by standard diagnostic graphics; no violation of the assumptions was detected. Data analysis was performed with a statistical treatment and graphically represented using the R software version 3.3.3.
Fermentations
Fermentations were performed on synthetic must (SM), which mimics a natural grape must, as described by Bely, Sablayrolles and Barre (1990) . The SM base that was used in this work contained 6 g L −1 of malic acid, 6 g L −1 of citric acid, salts tyrosine, 13. (25 or 250 μg L −1 ). Finally, the SM was steam sterilised for 10 min and cooled to the correct temperature. All fermentations were performed using the microplate methodology based on monitoring the OD during the fermentation.
In a preliminary step, we validated this methodology by comparing fermentations in microplates to those performed in 1.2-L fermenters, in conditions that were proven to accurately reproduce wine fermentations (Sablayrolles, Barre and Grenier 1987) . We used for this approach to validate the standard SM medium (200 g L −1 sugars, 0 mg L −1 SO 2 , 5 mg L −1 phytosterols and 250 μg L −1 thiamine) at 28
• C. Fermenters were filled with 1 L of SM and agitated with a constant magnetic stirring at 150 rpm. Instead of monitoring OD, the amount of CO 2 that was released was estimated using an automatic measurement of the weight loss of the fermenter every 20 min. The rate of CO 2 production was calculated by polynomial smoothing of the amount of CO 2 released (Sablayrolles, Barre and Grenier 1987) . For the microplates, a total of 200 μl of SM were used in each well. After cell counting, precultures were washed in sterile water and resuspended in the respective SM. This process was done in such a way that when inoculating, a final concentration of 1 × 10 6 cells mL −1 would be obtained. Greiner transparent 96-well flat microplates with covers were used in this work. Once inoculated, these were agitated and read in a TECAN M200 Infinite Pro microplate reader for 280 cycles (≈48 h) at 28
• C or for 560 cycles (≈ 96 h) at 16
The agitation programme included an orbital agitation (8 min at 140 rpm) as well as a linear one (2 min at 300 rpm). Readings were done in a multireader system that used the filled circle scheme with 3 × 3 measured points. For the purposes of comparison, we defined a suitable threshold for to determine the end of the lag phase (microplates at 0.1 OD and 1.2-L fermenters at 0. 25 g h
L −1 CO 2 ) and compared results.
RESULTS
Genetic diversity
We first investigated the genetic diversity of the eight Saccharomyces strains that were used in this study based on Bruvo's genetic distance (Bruvo et al. 2004 ) and a phylogenetic tree (Fig. 1) . We amplified specific Saccharomyces cerevisiae microsatellites and plotted the results of our strains together with those of other strains that had been previously characterised (Legras et al. 2007 ). This analysis showed that the strains were widely and evenly distributed, revealing a high genetic diversity among our set. Concomitantly, we observed that this distribution occurs within two specific clusters that contain wine and flor yeast strains.
We then investigated the presence of translocations that are known to confer SO 2 resistance (Pérez-Ortín et al. 2002; Zimmer et al. 2014) . Indeed, the presence of these translocations could play a fundamental role during wine fermentation lag phase, as SO 2 is frequently used in musts and wines as a preservative and an antioxidant and may represent an important source of stress. We showed that among the S. cerevisiae and hybrid strains, two did not have any previously identified translocations that are involved in sulphite resistance, and six strains were either homozygous or heterozygous for the translocation XVI VIII (Table 2 ).
In contrast, translocation XVI XV , which was recently described (Zimmer et al. 2014) , was not detected in any of the strains.
Lag phase: a tale of many stress factors
All the experiments to determine the lag-phase duration were performed using a microplate method that we first validated by comparing its results with those of wine fermentation in 1.2-L fermenters (see material and methods). Lag-phase durations globally matched and strains' relative positions were found to be similar in the two experiments (data not shown). Thus, we decided to use the microplate-based conditions to execute the FP. Ultimately, this methodology allowed more practicability as well as considerable savings in cost and time.
We first studied the diversity of the lag-phase duration among wine strains during alcoholic wine fermentation. As stress resistance plays a major role during the lag phase, we focused our study on the impact of a variety of stress factors (temperature, osmotic stress, SO 2 , lack of phytosterols and thiamine) that are present at the moment of inoculation.
To test such combinations in the same experiment, we designed an FP that was based on microplate fermentations (Montgomery 1991; Droesbeke et al. 1997) . In short, the plan sets the specific combinations of stress factors that are required to evaluate the impact of each stress factor individually as well as their synergistic (two-by-two) influences (Table 1 ).
An overview of the performance of all strains is shown in Fig. 2 . Here, all experiments were considered, so the overall performance of each strain in its lag phase is illustrated. We observed important variations that depended on the strain and the conditions, as the lag phase lasted from under 10 h up to almost 70 h. This difference underlines the considerable impact that stress factors have on lag-phase modulation. The S. cerevisiae strains L11, L3 and L8 were the fastest, with the shortest median lag phases, 12.5, 12.7 and 13.7 h, respectively. Although these strains were all S. cerevisiae, other strains of this species, L1 (16 h), L7 (18 h) and L10 (19.8 h) also appeared among the moderately paced/slowest strains. The hybrids L4 (14.6 h) and L6 (15.2 h) performed moderately, while S. uvarum L9 (17.5 h) and Torulaspora delbrueckii L5 (18.5 h) appeared to be among the slowest. Overall, if we consider the wine and flor clusters, despite the narrow sampling, the wine cluster seems to have a tendency to exhibit shorter lag phases (Fig. S2 ).
Temperature
Dramatic differences were found when analysing the effect of temperature on the duration of the lag phase (Fig. 3) . When fermenting at 28
• C, the median lag phase took 8.6 h. The fastest best strain was L3, which was closely followed by L11 and L8, all with a lag phase lasting ∼7.1 h. In contrast, the slowest strains were L10 (11.6 h), L5 (11 h) and L7 (9.8 h). When shifting to 16 • C, the median lag phase took 32.3 h, an almost 4-fold increase. Here, L3 and L11 remained the best (26.4 h) followed by L6 (28.7 h). L10 (38.7 h), L7 (36.4 h) and L9 (34.5 h) were identified as the slowest. Due to such considerable differences between the two sets of temperatures and to simplify our FP, we decided to determine the significance of the impact (Student's t-test) of the remaining stress factors separately and to perform two independent FP experiments. An overall heat map (Fig. S3 , Supporting Information) for both temperature sets will be discussed in the next sections.
Osmotic stress
Osmotic stress was clearly the factor with the greatest impact after temperature (Fig. 4) . With no exceptions, all strains were significantly affected (P ≤ 0.001 and P ≤ 0.01) by an increase in sugar concentration ( increase of 15 h or more at 280 g L −1 sugar (Fig. 4) . Specifically, L3, L8 and L11 were consistently the fastest strains, independent of temperature or sugar concentration. At 16
• C and 280 g L −1 sugar, L1 and L5 (≈36 h) appeared among the fastest strains, but at 200 g L −1 sugar these strains, together with L10, were among the slowest (27-33 h). Under the remaining conditions, L5, L7, L9 and L10 were always among the slowest strains, revealing an overall difficulty in starting the fermentation when facing different stress levels of temperature and osmotic pressure.
SO 2
For this stress factor, the impact differed depending on the temperature. At 28 • C, strains L1, L3, L5, L7, L8 and L11 were significantly affected (≤0.001 and ≤0.05), while at 16
• C, only L5, L8, L9 and L11 were affected (Fig. S3 ). Among these, L5, the T. delbrueckii strain, was the most affected at both temperatures and showed a particular high sensitivity to SO 2 . Comparing samples with 0 and 0.8 mg L −1 of SO 2 , the strain showed a delay in the median lag phase of 5 and 8.4 h at 28
• C and 16 • C, respectively (Fig. S4 , Supporting Information). After L5, the most impacted strains were L7 (1.8 h delay) and L1 (1.1 h delay) at 28
• C and L11 (8.3 h delay) and L9 (6.6 h delay) at 16
• C. The fastest were L1, L3, L8 and L11. Interestingly, despite always being a slow strain, L10 showed one of the highest levels of resistance to SO 2 by not having its lag phase affected, particularly at 28
• C (0 h delay). The fact that strains such as L1, L3 and L11 showed sensitivities only at 28
• C (Fig. S3) suggested an additive effect between the two stress factors. As SSU1 translocations have been shown to increase SO 2 resistance, we analysed the relationship between lag-phase duration and temperature, SO 2 stress and translocation presence. In our results, no particular correlation was found between these factors (Fig. 5) . Strains that did not have the translocation were slightly affected by SO 2 stress (L10 and L4). However, strains that did have the translocation were either not (L6 and L8), slightly (L1 and L3) or considerably (L11 and L7) affected by SO 2 stress.
Phytosterols
Overall, this stress factor triggered smaller variations than the previous ones. When in the presence of 5 mg L −1 phytosterols, median lag phases varied between 12.5 and 19.9 h (Fig. S5 , Supporting Information), whereas lag phases were between 13 and 20.9 h at 1 mg L −1 phytosterols. At both concentrations (at both temperatures), the fastest strains were L3, L11 and L8 (≈13 h) and the slowest were L9, L5 and L10 (≈19 h). At 28
• C, L4, L6 and L7
were significantly (P < 0.05 and P < 0.01) affected by low levels of phytosterols (Fig. S3) . However, for L6 and L7, lower phytosterol levels (1 mg L −1 ) represented a reduction in the lag-phase duration of 1.6 h (Fig. S5b) . Even if not significantly affected, the same tendency could be observed for L10 (1.4 h shorter). At 16 • C, no significant impact was detected, and when facing low phytosterol levels, the previously mentioned ranking remained the same (Fig. S5a) .
Thiamine
Overall, L3, L11 and L8 were the fastest strains, and L5, L7 and L10 were the slowest, but when looking specifically at each temperature, low levels of thiamine had effects on only a few strains. At 28
• C, only two strains, L5 and L9 (P < 0.05), were significantly impacted (Fig. S3) . For L5, lower levels of thiamine promoted longer lag phases (1.9 h delay), but for L9, the opposite occurred (1 h shorter). This observation is reinforced in the 16
• C fermentations. L4 and L5 were significantly affected by low levels of thiamine (7.1 and 4.3 h delays, respectively), whereas L9 showed lag phases that were 8.2 h faster (Fig. S6 , Supporting Information). All strains that were affected were non-S. cerevisiae strains (Fig. S3) , raising the possibility of differential regulation of thiamine processing.
Stress factor interactions
After analysing all stress factors per se, we were interested in searching for possible interactions and synergic effects that could exist between stress factors, excepting temperature. As shown in Fig. S3 , only few significant interactions were detected. Interaction between low levels of thiamine and phytosterols was observed for several strains (for L9 at 28
• C and for L8, L10 and L11
at 16
• C). In addition, L11 was additionally affected at 16
• C by interactions between SO 2 and phytosterols and SO 2 and thiamine.
DISCUSSION
A first objective of this study was to analyse the diversity of lagphase durations among different wine yeast strains. We used a set of diverse strains, including Saccharomyces cerevisiae strains that were evenly distributed among the wine and flor clusters and thus represented a wide genetic variability. Despite the narrow sampling, S. cerevisiae wine strains (L3, L4, L8 and L11) showed an overall higher performance regarding lag-phase duration (i.e. shorter lag phase) than S. cerevisiae flor strains (L1, L6 and L10). This relationship might be related to the trend of flor strains to thrive at the end of some wine fermentations and in the presence of traces of sugars to produce a particular type of wine (sherry wine) that confers a particular oenological profile (Legras et al. 2007 (Legras et al. , 2016 Coi et al. 2017) .
Regarding the species, the fastest strains were S. cerevisiae. This species is known for typically being able to quickly start fermentations and dominate wild yeast and bacteria that might be present in the hostile must conditions (Bisson 1999; Bauer and Pretorius 2000) . As expected, S. cerevisiae × S. kudriavzevii hybrids (L4 and L6) and non-S. cerevisiae strains (L9 and L5), despite their potential for unique contributions (Belda et al. 2014; Liu et al. 2016) , showed longer lag phases.
When focusing the attention on the stress factor influences, temperature and osmotic stress were by far the most impactful factors, creating the most difficulties for the start of fermentation. The negative effect of low temperature on growth rate and cell multiplication has been well documented (Bisson 1999; Llauradó et al. 2002; Beltran et al. 2008) . We could verify this as well for the lag phase, which showed a delay of dozens of hours when fermenting at temperatures as low as 16
• C. At 28 • C, it was not surprising that S. cerevisiae strains were the fastest to exit lag phase (Matallana and Aranda 2016) but, at the lower temperature (16 • C), hybrids (due to the S. kudriavzevii genome counterparts) and S. uvarum strains were expected to show cryotolerance and therefore have an advantage in the fermentation start (Massoutier et al. 1998; Gonzalez et al. 2007; Belloch et al. 2008; Tronchoni et al. 2009; Masneuf-Pomarède et al. 2010) . However, only one hybrid (L6) appeared among the fastest strains with a shorter lag phase. The other hybrid and the S. uvarum strain presented medium or even long lag phases and did not show a particular advantage in colder fermentations.
Like temperature, osmotic stress had a very high impact on the lag phase in all strains. When exposed to concentrations as high as 280 g L −1 , a high/extreme osmotic level occasionally found in red musts (Matallana and Aranda 2016) , all strains were significantly affected. Diminished turgor pressure, low water availability, changes in membrane permeability and delays in stress response are some of the negative consequences that yeast has to cope with and that explain the considerable delay and major variations in the lag-phase duration (Attfield 1997; Pratt, Bryce and Stewart 2003; Tamás and Hohmann 2003; Babazadeh et al. 2013; Miermont et al. 2013) . Although S. cerevisiae were the fastest strains to exit lag phase, in some cases they were also the strains that were most affected by osmotic stress. To illustrate this relationship, when shifting from 200 to 280 g L −1 sugar at 16
• C, L3, L8 and L11 were among the most affected strains with lag-phase delays from 15 to 18.5 h. In contrast, L5 and L1 (which, at 200 g L −1 , were among the slowest) presented a delay of only ≈9 h. Thus, although L3, L8 and L11 always remained the fastest strains, at 280 g L −1 , L5 and L1 also appear within the fast cohort, indicating that the impact of osmotic stress was less severe for these strains. This result clearly demonstrates that besides the environmental factors, other strain features can play a major role in lag-phase modulation and lead to different phenotypes under the same conditions. In regard to SO 2 , the fact that six out of eight strains (S. cerevisiae and hybrids) possessed the translocation XVI VIII (Table 2) is in agreement with what was found by Goto-Yamamoto et al. (1998) and Pérez-Ortín et al. (2002) . The ancient and recurrent practice of using SO 2 as an antioxidant and an antimicrobial agent created a selective pressure that over time positively retained the translocation XVI VIII and the allele SSU1-R that is responsible for a greater SO 2 resistance. This history caused the translocation to currently be widely disseminated among oenological strains. On the other hand, Zimmer et al. (2014) recently discovered a new translocation, XVI XV , which is a much more recent event and therefore not yet highly disseminated among oenological strains; this fact was also verified in our set. Intriguingly, we did not find a correlation between the presence of the XVI VIII translocation and the SO 2 impact in our study. This result suggests that the advantage that is conferred by these translocations is not effective at such an early stage as the fermentation lag phase. Nadai et al. (2016) also obtained similar results for a particular strain (R008) that despite having the translocation XVI VIII only showed intermediate sulphite resistance. Additionally, strains without the translocation were both drastically affected (AWR1796) or not affected at all (VL3) by a moderate concentration of SO 2 . Rather than the translocation presence itself, these and other authors attributed the SO 2 resistance to a high basal level of gene expression of SSU1, specific cell wall proteins, enzymes involved in lipid biosynthesis and enzymes directly involved in SO 2 assimilation and efflux (Divol, Miot-Sertier and Lonvaud-Funel 2006; Nadai et al. 2016 ). The differences found between fermentations at 16 • C and 28
• C can be explained by greater ability to bind SO 2 (and therefore less active SO 2 ) at low temperatures than at higher temperatures (Ribéreau-Gayon et al. 2006) . This difference explains the significantly lower impact at 16
• C found in our results. Nevertheless, L5 (Torulaspora delbrueckii) was particularly affected by SO 2 at both temperatures, which is in agreement with the high sensitivity of T. delbrueckii that was reported in previous studies (Ciani, Beco and Comitini 2006; Xufre et al. 2006; Comitini et al. 2011; Renault, Albertin and Bely 2013; Belda et al. 2014) . Among the stress factors studied here, the impact of low initial concentrations of phytosterols and thiamine was rather faint and more specific to each strain. Although phytosterols have been reported to be an important exogenous source of lipids that have a positive effect on yeast growth, fermentation rate and viability (Daum et al. 1998; Luparia et al. 2004; Ochando et al. 2016) , they seem to not be crucial overall for the fermentation start. In fact, different authors have pointed to the important contributions of lipids towards the end of fermentation (Luparia et al. 2004 ). In the same way, we found only little impact from the low concentration of thiamine. This vitamin was shown to improve yeast growth and fermentative rates (Bataillon et al. 1996; Bisson 1999; Ribéreau-Gayon et al. 2006; Sablayrolles 2009; Wolak et al. 2014) and to play a role in resistance to oxidative, osmotic and thermal stresses in the first hours of growth (Wolak et al. 2014) . We found higher impacts at 16
• C than at 28
• C, which could be explained by a reduced metabolism rate at low temperature, which would likely reduce thiamine uptake and ultimately cause a significant impact on lag-phase duration (Iwashima, Nishino and Nose 1973) . It is known that low levels of thiamine promote accumulation of ketonic acids that then combine with SO 2 at higher rates, reducing its efficiency (Ribéreau-Gayon et al. 2006) . In our results, no particular effect on the lag-phase duration due to the combination of low thiamine and the presence of SO 2 was observed since only one strain (L11) was significantly affected by this combination. Finally, as different synergic effects such as ethanol/high temperature or ethanol/acetic acid (Aldiguier et al. 2004; Gibson et al. 2007; Borrull, Poblet and Rozès 2015) have been reported to impact yeast during wine fermentation, we searched for the presence of synergic interactions in our data set. Very few interactions were detected, and only one strain, L11, was significantly affected by half of the possible interactions (SO 2 /phytosterols, SO 2 /thiamine and phytosterols/thiamine). Thus, each stress factor that was tested in this work caused most of its impact on the lag phase by itself, while the simultaneous presence of several factors did not cause any further difficulties.
In conclusion, we show in this study that there is a high diversity in lag-phase duration in different wine yeast species and strains. Saccharomyces cerevisiae strains showed an overall better performance than non-S. cerevisiae strains did in terms of wine fermentation lag phase when facing different stress factors. Contrary to expectation, S. cerevisiae × S. kudriavzevii hybrids with potential cryotolerance only occasionally showed an advantage at 16
• C. Temperature and osmotic stress had a high impact on lag phase, independent of strain or species. On the other hand, SO 2 , phytosterols and thiamine, while also playing an important role in lag-phase modulation, have greater straindependent effects. No strict correlation was observed between the presence of chromosomal translocations that are involved in sulphite resistance and the impact of SO 2 addition on lag-phase duration, suggesting that other genetic variations contribute to the diversity of this trait. These data offer new insights to better control this critical step of fermentation. The diversity of lag-phase duration and response to different stresses that was observed among our set of strains emphasises the importance of choosing the most suitable strain for a faster fermentation start, depending on must composition or winemaking conditions. These data also provide a unique framework for strain improvement using adaptive evolution or QTL mapping to elucidate the genetic and molecular basis behind lag-phase modulation and stress resistance.
